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By GeorgeJ. Heimerl,IvoM. Kurg,snd JohnE. Tuge

Resultsare presentedof rapid-heatingteststo deterndnethe tensile
strengthof lhconeland RS-120titanium-alloysheetheatedto failureat
uniformtemperatureratesfrom O.@ F to 100°F per secondunderconstant
loadCoxldltions. Yieldand rupturestresses,obtainedby rapidheating,
are comps&edwith yieldand ultimatestressesfrom elevated-temp=ature
tensilestress-straintestsfor l/2-houre~osure. The applicabilityof
mastercurvesand temperature-rateparametersto the predictionof yield
sad rqpturestresses‘&d temperaturesunder
investigated.

INTRODUCTION

rapid-heattigconditionswas

Most of the availabledata on the strengthof materialsat elevated
temperaturesare lhited to constant-temperatureconditions.Tn orderto
meet the need for hformationon the strengthof missileand high-speed
aircraftstructuralmaterialsunderrapid-heatingconditions,a numberof
investigationshave beenmade on aluminumand titaniumallqys,steels,and
high-temperaturealloysheat~ to failureat high temperatureratesunder
constantload (forexsmple,ref. 1).

An investigationhas alsobeen in progressat the IangleyAeronautical
Laboratoryto deterndnethe tensilepropertiesof some structuralmaterials
heatedto failureat relativelylow temperaturerates. The resultsfor
7075-@ and 2024-T3 aluminum-alloy sheetheatedat ratesfrom O.@ F to
1000F per secondunderconstantload sxe givenin refqence 2. P.relimjmry
data on Jhconeland RS-120titanium-alloysheetmsy be found in reference3.

The presentpapeqgivesthe fU resultsof the rapid-heatingtests
of Tnconeland RS-120titsnium-allqsheetheatedto failureat untt’orm
temperatureratesfrom O.@ F to 1000F per secondunderconstant-tensile-
loadconditions.Comparisonssxe made with conventionalelevated-
temperaturetensileproperties,and the possibilityof Wedicting yield
and rupturetemperatureswith temperature-rateparametersis investigated.
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2 NACA TN 3731

The Wonel end RS-120titanium-alloysheetswere receivedand tested
1#

in the annealedcondition. The chemicalcompositionsad tensileproperties
of the O.@-inch-thick sheetmaterials,as reportedby the manufacturers,
are givenin tables1 sad 2, respectively.

The rapid-heatingand tensilestmess-stiainspecimenswere cut fiwm
the sheetwith the longiia@.nalaxis of the specimentakenparallelto
the rollingdirection. The dimensionsof the specimensare givenin
figure1. The rapid-heatingspecimenwas mdiifiedslightlyfrom that
shownin figure1 of reference2 in cnxlerto help eliminatethe tendency
for ruptureto occuroutsidethe gage-lengthregi~. Thiswas accomplished
by redudng the specim&nwidth sli@Wy ti the centerregionby gru
off about0.015inchfrom each edgeover a 3-inchlength.

TEST PROCEDURE

E the rapid-heatimgtests,the specimenwas ffistloadedto the
desiredstresslevelby a dead-weightloadingsystehand thenheatedat
a constanttemperaturerate untilfailureoccurred. Heat~ -S SCCOIU-

plishedby pass- a largeelec-triccurrentMrectly throughthe speci-
mm. Strainsweremeasuredov6r a l-inchgage la@h by two linear
variabletransformergagesconnectedto the specimenthroughleverarms
sad gageframes. The equipment,testprocedures,and methodof emalysis ,i
were essentiallythe seinead’thosedescribedh reference2 with the
fOllowingexceptions:

Preliminarytestsof Jnconeland RS-120titanium-alloysheetrevealed
a pronouncedtendencyfor hot spotsto developat the narrowestpointof
the specimenfor evenvery sli@t smountsof taperend for cold spotsto
occurat the thermocoupleclampand gage-petitlocations.Theseeffects
were mahl.ycausedby the low thermalconductivitiesof thesematerials
and were not presentto the ssmeextentin the case of the aluminumalloys
whichhad conductivitiesaboutten timeslargerthan Ihconelor RS-120
titaniumalloy. Consegyently,the specimenshapewas modifiedslight~
as previouslydescribed;peenedthermocoupleswere employedtisteadof
clampedthermocouples;sad the strain-gageframeswere redesigned.

Ih orderto elidnate the coolfmg effectof the thermocoupleclamp,
No. 30 chromel-al.umelthermocoupleswere peenedcsrefullyintoclosely
fittedholesdrilledhalfwq throu@ the Wiclmess of the specimen. Near
the end of the testprogram,the thermocoupleswere spotweldedto the spec-
imenwith a spotwelderdesignedfor this purpose. The spot~weldedthermo-
couplesgavemore consistentresults,h general,thanthe peened.

\
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thermocouplesbecausetherewas no tendmcy for
test and becausethe tistal.lationtechniquewas
lnwPerinstallation,the responserate obtatied

3

them to loosenduringthe
not so critical. With
with the peenedthermo-

co~les was aboutwe sameas that obtatiedwith the spot~weldedthermo-
couples. H the hdal.lationwas imperfect,however,the responserate
was considerablylowerfor the peenedthermocouples.

lh orderto reducethe coolingeffectof the extensometergageframes
(seefig.4 of ref. 2), the frameswere redesignedto reducetheirmass
and contac+area. h the reviseddesign,the lmifeedgeswere constructed
of thinheat-treatedlhconelX sheet. Each knifeedgewas groundto
providespectiencontactat two pointsinsteadof over two ftiitelengths
as before. The new gageframesare showniu figure2 mountedin position
on a specimen. Temperatureswere‘markedlymore uniformti the gage-length
regia when thesenew frameswere used.

Conventionaltensilestiess-straintestswereruu for comparative
purposes. The specimenswere exposedfor 1/2 hour to the test temperature
beforeload= at a stratirate of 0.002per minute. The specimens,equip-
ment,and procedureaxe the sameas thosedescribedin reference4. Some
additionaltestswere alsorun with two peenedthermocouplesat the @nter
of the spechmn in placeof the clampedthermocouplesordiuar~ ahployed
in orderto determinethe effectof pee@ on the strengthof the specimen.

TESTRESULTSAND DISCUSSION

Stress-StrainTests

.
The elevated-temperaturetensilepropertiesof lhconeland

RS-I.20titanium-alloysheet,exposed1/2 hour and testedat a strati
rate of 0.002per minute,are givenin tables3 andhjrespectively,
and sxe i~ustrated in figures3 to 6.

Representativetensilestress-straincurvesfor thesematerialsare
shotiin figure3. The resultsfor lhconelare characterizedby irregular
wavy curvesiu the plasticregionwhichare -associatedwith nonuniform
plasticflow suchas may occurwhen Liiders’linesdevelop. (Variousaspects
of the natureof inhomogeneousplasticstrain,includingLiiders’lines,
are coveredfn ref. 5.) Fbr a strainrate of 0.002per *ute, strain-
hardentigeffects=e smaU, ~ f3ener~~for stiam w to about
1/2 percent;at 1,400°F, softeningor relaxationeffectspredomhate
justafterthe materialbecomesplastic. The stress-straincurvesfor
RS-120titaniumalloy,on the otherhand,sme smoothand showappreciable.,
strain-hsrdeningin the esrlyplasticregionexceptat 1,000°F.

.
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4 NACA TN 3731

The decreaseIn yieldand ultimatestresswith temperaturefor
lhconeland RS-120titanium-alloysheetis indicatedin figures4 snd 5.
Twopeenedthermocouples,locatedat the midpositionof the spectiento
s-te rapid-heatingtest conditions,had littleeffecton the yield
or tensileultimatestressfor Ihconel‘exceptat temperaturesbelow
1,000°F wherethe ultimatestresswas reducedabout4 percentby peenhg.
(Seedashedcurvesof fig.4.) The effectof peenedthermoco~leson
the strengthof specimensof RS-120titaniumalloywas investigatedonly
at 80° F amd the resultswere inconclusive.(Seetable4.) Although
the data are’limitd, the effectof peeningin reduc~ the ductility
appeared.to be pronouncedfor bothmaterials. (Seeelongationh
tables3 and 4.)

.,

!llhereductionh Young’smoduluswith temperatureis shownh fig-
ure 6 for bothmaterials. The data on Ihconelare limitedbut agreewell
with results@v= h reference6 w to about800°F. At highertemper-
atures,the resultsshownh figure6 are somewhathigherthan thoseof
refeyence6. The data on RS-120titaniumalloyare more extensivebut
showconsiderablescatter. The moaw.uscurvefor thismaterialgives
the averageresultsobtainedherein.

Rapid-Heat~ Tests

Resultsof the rapid-heatingtestsare givenin table5 and fig-
ures 7 to 10 for lhconeland h table6 and figures11 to 1.3for
RS-120titanim allloy.Averagecoefficientsof thermaleqanstm for
thesematerials,basedon the testsat 0.4 ksi,are listedin table7.

lhconel.- Strain-temperaturehistoriesfor the individualtestsof
Tncon=t at three stresslevelsand tanperatureratesfrom O.# F

,,

to 100°F per secondaxe illustratedin figure7. !l!hestratisare total
strainswhich includethe elastic,thermal,and plasticstratis. At 4
axii16 ksi, the restitssre regularin patternand s~ -totios~
obtainedfor 7075-16 aluminumalloy (ref.2). At ?8 ksi, however,the
curvesare discontinuoush the plasticregion,suddenplasticflow
occurringafterintervalsof elasticaction. S~ plasticflow occurred
at 25ksi d 32hi. Theseirregular-es sxe alsoapparentlythe con-
sequenceof ponumlformplasticflowpreviouslynotedwith regard to the
stress-stratitests. Yieldtemperaturesaxe tndicatedby the tickmarks
whichare offset 0.2 percentfrom the calculatedelastic-strainand
thermal-expansioncurve. Valuesof the moduliemployedin thesecalcula-
tionsare the sameas those showntn figure6 exceptthat slimtly ~eater
valueswere takenfor RS-120titsmiumalloyabove6000F ti orderto
obtaina betterfit with the testresults. Thereappearsto be somejndi- ~
cationfrom theseand otherteststhat elasticstressmoduliunderrapid-
heatingconditionsmay be somewhatgreaterin the uppertemperature
regionfor the materialthan the staticvaluesobtatiedfrom stress-strain ,
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0.

tests. The calculatedcurvesare in good agreementh the elasticregion
with the test curvesat each stresslevel..

The logarithmicpatureof the increasein yieldand rupturetentper-
atureswith temperaturerate is shownin figure8. The relationshipis
approximatelyline= as indicatedby the testpointsand the solidLimes.
!Ihisltiesriw is consistentwith the resultsobtain~ for the al.uminm
alloys(ref.2) and for a low carbonsteel (ref.7).

Yield stresseso-ined underrapid-heatingconditionsare compared
with the elevate&temperaturetensilestress-strainresultsh figure9.
!T!herapid-heatingcurvesfor the nom@al temperaturerateswere obtained
fromthe qerimental curvesof figure8 whichwere extrapolatedwhere
requhed. Above 1,O@ F, the rapid-heathgresultsfm ratesabove
about2° F per second“=e greaterat a giventemperaturethan thoseobtained
fromthe tensilestress-straintest for l/2-hourexposure. Below1,O@ F,
the rapid-heatingresultsare lowerthan thosefrom the stiess-stiatitest.
A possibleexplanation~ be foundh an exsmdnationof the strain-
temperaturecurvesfor 28 ksi h figure7 in which it is evidentthat
yieldtemperatureswouldbe higherif prematureabruptplasticflowhad
not occurred.

A similarcomparisonbetweenthe ru@wre stressobtainedfrom the
c rapid-heathgtest ad the tensileultimatestressobtainedfroIuthe

tensilestress-stratitest is givenin figure10. !lherapid-heating
resultsare considerably~eater than the tensilestress-stratiresults
for l/2-hourqosure exceptin the case of very low temperaturerates.

RS-1.20titaniumalloy.- Illusimativestiati-temperaturecurvesfor
individualtestsof RS-120titanium-allosheetat threestresslevels

~and temperatureratesfrom 0.2°F to 100 F per second&e shownin fig-
ure U.. The patternof the resultsis differentat each stresslevel.
The bandingtogetherof the curvesbelowyieldat 50 ksi and the irregulsr
behavi~ aboveyieldat 75 ksi are similarti somerespectsto the behavior
of 202&T3 sJw&um alloy (r&. 2), whichis an age-hardenablematerial.
~ese resultsindicatethat the strengthof RS-120titaniumalloycould
~obably be alteredby heat treatment.

Experimentalyieldsd rupturetemperaturesplottedagatistthe
temperaturerate on a logarithmicscaleare shownin figureI-2.Yield
temperaturesincreaseapwox=tely linearlywith the.logarithmof the
temperaturerate exceptat 50,* 60 ksi. Rupturetemperaturesalso
ticreasewith the temperature”rate exceptat 75ksi;the resultsaxe
approximatelylinearovermost of the entirerange.

The rapid-heat= and t=sile stress-strainresultsare comparedh
figure13. The solidor rapid-heatingcurvesfor arbitrarytemperature
ratesfrom 0.2°F to 100°F per secondwere constructedby mesnsof the

. ...—— -.— —— .— —. .-. —---
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experimentalcurvesof figure12.
heatingconilitionsare greaterfor
yield stressfor l/2-hourexposure

MICA TM 3731

“

Yield stressesobtainedunderrapid-
a giventemperaturethan the tenstle
for ratesabove@ F per secondexcept -

fithevicinityof 7(X)0F. Rupturestressesunderrapid-heatingcondi-
tionsare appreciablygreaterat a giventemp=ature than the tensile
ultimatestressfor l/2-hourexposurefor ratesaboveO.~ F per second.

Masteryieldandrupture stresscurves.-Masteryieldand rupture
curvesfor 3hconelend RS-120titaniumallqy (figs.14 and 15, respec-
tively)were constructedby meansof ld.neartemperature-rateparameters
derivedby the methmldescribedti reference2. For Tuconel,the psra-
meter is

T- 250
logh +13

(1)

F& RS-120titanium sUoy, the parsmeteris

T+ 800
10gh + 23

(2)

F& thesepsrsmeters,’T is eitherthe yield or rupturetaperature
in OF end h is the temperaturerate in OF p= second. The stresses
in figures14 smd 15 are thoseat whichyield or rupturetemperatures
occur.

For ~onel (fig.14),the correlationof the datawith the master
curveis god for bothyieldand rupture. Consegyently,yield.and
rupturesia?essesor temperatures~ be readilydeterminedfor different
temperatureratesby meansof the parsmeter. Tn orderto showthe
accuracywithwhichthismay be done,calculatedyieldand rupturetem-
peraturesare comparedwith the testresultsin figure8. The agreement
is fairlyclosefor bothyieldand rupturetemperaturesexceptfor some
occasionalscatter.

F& RS-120titemiumalloy (fig.15),the correlationof the data
with the mastercurvesfor yieldand ruptureis poa exceptat a few
stresslevels. At 50 and 60 ksi for yield end 75ksi for rupture,no
correlationwas obtatied. This lack of correlationfor yieldand rupture
at these stresslevelswas ~ected, however,h view of the natureof
the results. (Seefig. 12.) The poor correlationis furtheremphasized
fi figure12 by the comparisonsshownbetweenyietiand rupturetempera-
turesand the curvescalculatedby means of psrsmeter(2). The master
curvesshownh figure15 for thismaterialsre of limitedvalueand can
be appliedwith somedegreeof assuranceonly in the regionswherethey
are solid.

—... .—....——. — .. —.. — .- -—
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CONCLUDING~

When lhconeland RS-120titanim-all.wsheetsxe heatedat temperature
ratesfrom O.@ F to 100°F per second,yieldand rupturestressesmay be
somewhatlessor appreciablygreaterthan the correspondingtensileyield
or ultimatestiesses obtainedfrom the stress-stratitestfor l/2-hour
exposureand strainrate of 0.002per minute,depen&hg upon the tempera-
turerate. b gaeral, yieldand rupturetemperaturesfor thesematerials
increasewith the logarithmof the temperaturerate with the exceptiauof
the titaniumalloyat certainstresslevels. Exceptfor discontinuous
plasticflow in one stressregion,the strain-temperatureresultsfor
Ihconelwere regularin patt.qrn.The behaviorof the titaniumalloy
was mdsedly irregular.at a numberof stresslevels.

Yieldand rupturestressesand temperaturesfor lhconelcan be satis-
factorilypredictedby meansof a mast= curveand temperature-ratepara-
meter. !lhiswas not the casefor RS-120titanium-aUqysheetbecauseof
its ~egulsr behavior. A temperature-rateparsmeterwas foundto be
ap@icable only in certainregionsfor thismater~.

hI@3Y A-nautical Laboratory,
NationalAdvis~ Committeefor Aeronautics,

L=@@ Field,.Va.,April16,1956.
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!CABLE1

CHEMICALcoMmsm!Ior’?
.

I Material

lhconel*

RS-120*
titaniumELllq

1

[& percen~

c Mn Si s Fe

0.08 0.250.25o.m77.0

0.1065.70------------

F
15.0

----_ul_~.o -----0.2-----

----0.022---94.17

*obtainedfromreterence6.
%kformation on thisheat of materialobtainedfromRepublicSteel

Corporation.

!lXKLE2

IQNGITUDINALTENSILEPROPERTIES

Young‘8 Ultimate Yield Elongation
Material Conditionmodulus, stress,stress~in 2 tihes~

psi ksi ksi percent I

Mcoriel* Annealed 31xl@6 90:5 36.5 47

RS-120*
titaniumalloyAnnealed -------- 133.o 121.3 14

*Obtainedfromreference6.
%hformation on thisheat of materialobtainedfromRepublic

SteelCorporation.

I

-. —---- .- —— .. —-— .. . .—— — - .- —--
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.

w

TENSILE

!lYuml13

l?ROPERTIESFOR INCONEL’
7

1/1 2-hour=q?osure;stratirate of 0.002per ndnute]
k- -1

Yield -
Temperature,stress,Ultimate “Young‘s Elongation Type of

%’ ksi stress, modulus, h 2 inches,thermocouple

(a) ‘i psi percent attachment

36.4 92.4 31.8X 106 None
80 36.3 92.2 31.0 g None

37.1 88.1 30.2 29 Peened

1,000 26.2 82.4 26.4 46 Clsmped
26.4 78.4 23.1 33 Peened

1,400 19.1 26.3 21.4 Clsmped
18.8 25.6 22.7 z Peened

1>800 5.2 8.0 13.4 Clamped
5.3 8.6 13.7 G Peened

.

.

%.2 percentoffset.

. .

.

.
-. .—
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mmJ?i4

!r!msmS!mlms-sl?mmPROPERTIESm

Rs-120mmm’mM-MzloYSHEET

~1/2-hourexposure;s&ain rate of 0.~2 per minut~

Yie~ ~tmte Ycnmg ‘s me of
!l?emperature,stress, s~e~~, ~d~w, ~m?~e;, th~coW~e

OF ksi

(a) ‘i
psi percent attachment

102.3 125.9 15.5x 106 ~:.5 None
103.9 126.8 ;:.: None
103.9 ----- 21 None

&l -.--- 126.6 :~:~ 8 Peened
105.5 ----- Peened
105.3 125.o 16:3 lJ None
103.1 125.o 18.3 16 ?one

200 83.o ----- 15.9 23 @idea
85.8 IJJ..o 14.6 20 Welded

66.5 ----- 14.3 23 Clsmpea

400 ~“; ----- .13.4 24 Clsmpell
96.6 15.3 -- Welded

6510 97.3 13.1 22 Welded

-----. ----- 13.5 .- Welded
600 59.0 88.4 12.6 20 Welded

56.2 86.4 13.3 15 welded
56.5 88.5 1..I..8 17 W~ed

----- ----- 11..4 -- Clamped

@o g“; 59.9 10.4 22 Welded
56.6 12.2 21 Welded

43:4 5995 9.7 25 Welded

1,000 ‘“3 15.1 6.0 66 Welded
12.7 15.2 6.5 67 Welded

%.2 percentoffset.

.

.

. ... . --—.—. —. ——- .- .—— —-....
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.

wiBm5 .

!I!Et?SIXJZFROPJiRTIESIORllKXXUZSHEE!T!UFJIXR

m“-Hl?wcmGCOmmmom

Stress, Temperature Yield Rupture Elongaticm

ksi rate,OF/see temperature, temperature, in 2 inches,
OF- OF percent

0.2 u695 over2,000 --
4 2 1,860 over2,000

20 1,984 over 2,000 i; .
100 a2,070 over2,000 -.

10 2 1,596 1,867 37

2 1,467 1,744 --
16 20 1,580 1,843 30

100 1,623 ----- 25

22 2 1,394 1,626”
100 1,493 1,795

;;

25 1,175 1,600 29
$ 1,209 1,805 29

0.2 662 1,460 -- .
0.233 652 1,478

28 2 716 1,548 G
739 1,704 24

g 770 1,748 29

32 2 319 1,500 30

50
----- 1,270

I
27

1: ----- 1,432 --
, 4

%lSMmated. Recordermeasuredonly to 2,000° F.

.
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TARIJ16

I-3

!rElwmEPROPERTIESFaR RS-I.2QTmYumJM-~ SHEET

UNDERRAPID41EMINGCONDITIONS

Stress, Temperature Yield Ru@ure Elongation

hi rate,~jsec temperature, temperature, in 2 inches,
oF * percent

15 1,017 -----
7: 1,183 1,483 ;;

0.2 886 1,033 .-

25 2.2 948 1,068 --
18 988 1,136 19
96 1,074 1,251 26

0.2 733 ----- --

42.5 2 785 * 16
15 865 1,Q55 18
100 glo 1,085 --

0.2 618 863 17
2 610 950 Xl

50 2 --- 933 10
20 572 1,o13 12
9 682 1,085 u

0.2 55: 873 15
60 . ‘2 14

507 % I.1
; 569 1,092 15

68 0.2 350 810 u

0.2 239 763 14

75 2 279 785 8
323 766 7

E 377 743 12

—----- ---———— --——-———- ~—. .- ——— -.. ..-. .—
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.

Temperature Thermalexpansion Averagecoefficient

range,%? stiain* of thermalexpansion
per OF

80to 200
80to 400
80to 600
80to 800
80to 1,000
80to1,200
8oto 1,400
80to 1,600
80 to 1,800

lhconelsheet

o.coog
.0025
.0042
.0060
.0080
.0101
.0W4
.0148
.0174

7.5x 106
‘7.8
8.1

8.3
8.7
9.0
9.4
9.7
10.1

RS-120titanium-alloysheet

8oto m 0.00070 5.8X 106
8oto 400 .00185 5.8
m to 600 .00300 5.8
8oto 800 .oo421
8oto1,000 .00566 2:;
80to1,100 .00640 6.3

*hOm figure7 for ~onel and figureD for RS-120
titaniumalloy. “

— —.
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Stress-strainspecimen

Rapid -heating specimen

I

-— .500*.010--

.470*.olo-

LEdges of reduced
sections to be
parallel within
.002 in.

}

1

I
I

14P+
h+-+

;

Figure1.- Stress-strainsnd rapid-heatingtensiletest specimens.All
dimensionsare in inches.

.- -.. .—..—. —.—— —— .—-. —— —— ——— — —— ———-- —- —---
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.
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u

—.

L-92273
Figure 2.- Revisedextensometerframesmduntedon a test specimen.
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20
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15

10

5

0 001 m? .003 .004 .005

(a) Inconel.

Fiw 3.- Teniile otreas-stra~

exposure fw a strain rate of

yield stresses.

Strah

curves for Incmel

0.002 per minute.

ScYF

800T

/

hoooT
1

4 008 ,012

(b) RS-120 titauknn ~Oy.

and RS-X33 titanium-alloy sheet after l/2-hour
q

The tick marks indicate the O. 2-percent-offset
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10(

9C

8C

7C

6C

Strese,
kei

50

40

30

2a

10

0

I I I I
~ Clomped thermocouple

—+ Peened thermocouple

I
&.-

-. ~
-..

--~ \
(

.
\

\
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RS-I.20titanium-alloy
of 0.002per minute.
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